Introduction
With the development of space science and technology, some countries have launched unmanned planetary exploration programs. Because planet surfaces are rough and formidable, planetary exploration rovers were used as a versatile and safe alternative to manned space missions to explore the planets. In recent years, many types of planetary rovers were developed including tracked type, legged type, and wheeled type, etc. (Li et al., 2005) . Because wheeled rovers are well suited to provide smooth motion and offer a high payload capacity, they become the most popular and the mainstream in current rovers (Salemo et al., 2002) . In order to deal with the rough terrains of planetary surfaces, researchers put most of the efforts in designing new structure of rover body, but give less attention to new types of wheel. Currently, three main classes of wheels are used in planetary rovers as follows:
(1) Traditional Circular Wheel. Representations are the wheels of Mars exploration rover Spirit (Lindemann et al., 2006) developed by JPL and Japanese rover Micro5 (Takashi et al., 2003) . This type of wheel has a circular shape with a lot of transverse striae spaced evenly around the wheel to increase the friction between ground and the wheel. The wheels are commonly used in most of the rovers that can move smoothly and turn around agilely. But its fatal disadvantage is that it can not scale the step whose height is larger than the radius of the wheel, also it can not cross the ditch whose width is larger than the diameter of the wheel.
(2) Flexible flake wheel. The representation is the wheel of Mars rover made by Toshiba in Japan (Liu et al., 2002) . This kind of wheel is circular too, but the difference is that there are lots of flexible flake spaced evenly around the wheel. Compared with the first type wheel, this wheel increases buffering, and it can traverse over the step whose height is larger than the radius of the wheel. However, it can not cross the ditch whose width is larger than the diameter of the wheel.
(3) Multiple planetary wheel. A representative example is the wheel of Lunar rover developed by Harbin Institute of Technology (HIT) in China. The lunar rover uses planetary wheel which consists of three small circular wheels (Deng et al., 2003; Deng et al., 2004) . When the lunar rover moves on flat terrain, only two small wheels touch ground. Once it encounters a big obstacle or step, the three small wheels revolve around the public center of the wheels to traverse over the obstacle. This type of wheel overcomes the shortcomings of conventional circular wheels, and can climb over the step that is higher than diameter of the small wheel. However, this type of wheel makes the robot hard to make turns. In this paper, we introduce a field robot (named as Rabbit) using the rotated-claw wheel have demonstrated the superiority over the conventional wheels. The analysis and testing results show that the innovative rotated-claw wheel can move steadily, turn around agilely, and climb the step whose height is larger than the radius of the wheel.
Design of the Rabbit
The basic requirements for an excellent field robot are motion stability, and strong capability of climbing obstacles or slopes. We designed a field robot prototype named as Rabbit whose motion is based on 4 rotated-claw wheels attached by "bogie levers" to the chassis. Figure1 shows its electrical diagram and Figure 2 shows the picture of the robot whose weight is 10.5Kg and outline dimension is 57cm×43cm×31cm. The body of Rabbit is mounted to the rocker through a differential mechanism. Rabbit is driven by 8 DC brushed motors that are controlled by a DSP controller. Each motor drives a series of stages of gearing that result in the final torque-speed relationship of the actuator. The total gear reduction rate for each actuator is 246:1. An encoder on each motor is utilized for sensing the rotation speed and determining steering angle. Under average load conditions, the wheel rotates at 24.4 rounds per minute, which results in a nominal vehicle speed of 15.3 cm/s with the 12 cm diameter wheels. In order to study the motion performance, an accelerator and an inclinometer are installed in the robot prototype. Due to the rotated-claw wheel is an innovative. We would like to introduce principle and design of the wheel in detail.
Design of rotated-claw wheel

Principle of the rotated-claw wheel
The schematic diagram of the rotated-claw wheel is shown in Figure 3 . In order to ensure the motion stability, turning flexibility, and obstacle-climbing capability, the wheel is designed as traditional circular structure with six sets of claw mechanism evenly installed around the wheel's outer skirt. Each set of claw mechanism consists of claw, claw axle, gag lever post and draught spring. Each claw can swing round its axle. The claw is in open state under the effect of draught spring and gap lever post when it doesn't touch the ground, and the claw swings into the wheel body under the effect of rover's weight when it touches the ground, which improves bumpy motion caused by hexagon effect. 
Motion stability analysis
As shown in figure 3 , the claw can swing into the wheel body smoothly when the wheel rotates in anticlockwise direction, and the hexagonal effect of the wheel gives little influence on the stability of the rover. However, when the wheel rotates in clockwise rotation, the claw may disturb the stability of the wheel and cause the rover jounce. Therefore, we must analyze the stress of the wheel and select design parameters carefully to avoid this problem in the case of clockwise rotation.
When design the wheel, we first determine the claw dimensions and the distance between each claw axle and wheel's center, then adjust the position of gag lever post. Figure 4 shows the process of a claw touching ground when the wheel rotates in clockwise direction on flat terrain. There are two cases about angle γ in Figure 4 . One is the case when angle γ is larger than 90°, the other is the case when angle γ is less than 90°. We will discuss the two cases respectively. (1) Where, N is the acting force of ground to wheel at point A; N 1 is the acting force of gag lever post to claw; l 1 is the length of line OA; l 2 is the length of line OB; l 3 is the level distance of force N 1 ; α is the angle between line OA and plumb line; β is the angle between line OB and the line perpendicular to line BC; f is the friction between point A and ground; F is the presetting pulling force of spring BC. Because it is in the balance state, the claw can not swing around point O when angle γ is larger than 90°, and the claw can not swing into the wheel body. Now we get the first condition ensuring the claw swing into the wheel body smoothly is that angle γ must be less than 90°. We can adjust numerical values of l 1 , l 2 , l 3 , α, β to make γ be less than 90°.
When angle γ is less than 90°
There are two critical states as illustrated in Figure 4 (a) and Figure 4 (c).
(1) First critical state Figure 6 shows the first critical state-when the wheel is on the point of leaving the ground, in which a claw tip touches the ground, and its weight acts on point A. At this time instance, only point A supports the wheel. Taking the claw touching the ground as an object, we can get the stress analysis shown in Figure 6 (b), in which the wheel and the claw are expressed in dashed lines, the claw is simplified as line segments AOB and the draught spring is simplified as line BC. In Figure 6 , the claw touching the ground must swing around the point O clockwise if the wheel is to rotate clockwise smoothly. In order to satisfy this requirement, every claw must satisfy the following equations:
Where, N is the acting force of ground to wheel at point A; l1 is the length of line OA; l 2 is the length of line OB; α is the angle between line OA and plumb line; β is the angle between line OB and the line perpendicular to line BC; F min is the pre-setting pulling force of spring BC; f is the friction between point A and ground; G is the gravity force acting on the single wheel from the rover that is approximate to N; k is the elastic coefficient of spring BC; x min is the extension of spring BC; is the coefficient of sliding friction between point A and ground. Then we can get the following inequation: (3) is the first criterion that makes the claw swing into the wheel body freely and ensures the wheel rotate clockwise smoothly.
(2) Second critical state
The second critical state is shown in Figure 7(b) , when the excircle of the claw is tangent to the road surface, in which its weight acts on point A and the other part of the wheel doesn't touch the ground. In Figure 7 , the claw must be inside of the profile of the wheel body if the wheel is to rotate clockwise smoothly. Every claw must satisfy the following equations:
Where, F max is the pulling force of spring BC; l 1 is the length of line OA; l 2 is the length of line OB; α' is the angle between line OA and plumb line; β' is the angle between line OB and the line perpendicular to line BC; N is the acting force of ground to wheel at point A; G is the gravity force of the single wheel; k is the elastic coefficient of spring BC;
x max is the extension of spring BC. Then we can get the following inequation: (5) is the second criterion that makes the claw swing into the wheel body freely and ensures the wheel rotate clockwise smoothly. In summary, when designing the rotated-claw wheel, the distance between point O and the center of the wheel should be chosen appropriately. When the claw touches the ground, the angle γ should be less than 90° as shown in Figure 5(a) . At the same time, appropriate numerical values of G, l 1 , l 2 , α, β, α', β', x min , x max should be chosen to satisfy inequations (3) and (5). These criteria ensure the wheel rotate in clockwise direction reposefully and reduce jounce (Yue et al., 2007) .
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Obstacle-climbing analysis
Conventional circular wheels can not scale the step whose height is larger than the radius of the wheel. In Figure 8 , the step height is H 1 , and the radius of the conventional circular wheel is R. If the wheel wants to traverse over the step, H 1 must be less than R. The rotatedclaw wheel overcomes this shortcoming. In Figure 9 , the step height is H 2 , and the radius of the rotated-claw wheel is still R. However, due to the existence of the claw, wheel can scale the step whose height is larger than the radius of the wheel by h, and h can be designed larger than zero by choosing suitable numerical values of l 1 , l 2 , α, β, and distance between point O and wheel's center. From the analysis, we can claim with confidence that the obstacle-climbing capability of the rotated-claw wheel is improved in comparison with the conventional circular wheels. Real experimental results will verify the performance. 
Structure design of rotated-claw wheel
Based on the criteria mentioned above, this paper designed the three-dimensional model of the rotated-claw wheel shown in Figure 10 that includes a steering mechanism and the obstacle-climbing mechanism (rotated-claw). In order to enhance the friction between the wheel and ground, grooves are constructed around the wheel in even space. The deigned diameter of the wheel is 120 mm and its width is 60 mm. Dimensions of the claw is shown in Figure 11 , which make γ be less than 90°.
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Performance test of Rabbit
In order to test environmental adaptability of Rabbit, the experiments are conducted on various terrain, including surfaces of bituminous macadam, dry soil, step, slope, and simulated lunar soil. All of the data were collected at maximum velocity.
Motion stability performance
The motion stability analysis reveals that the six claws may cause a little jounce when the rotated-claw wheel rotates in clockwise direction, while smooth motion is guaranteed in anticlockwise rotation. We conducted experiments to evaluate the motion stability performance by commanding the Rabbit robot move on flat ground of bituminous macadam. Figure12 shows the acceleration curve of Rabbit in plumb direction when the rotated-claw wheels rotate in clockwise direction. The acceleration varies from -0.39g to 0.46g. Figure 13 gives the acceleration curve of Rabbit in plumb direction when the wheels make anticlockwise rotation, it shows that the acceleration changes from -0.13g to 0.16g. It is obvious that the motion stability under anticlockwise rotation is more stable than that under clockwise rotation. The reason is that the claw can swing into the wheel body under anticlockwise rotation while the hexagon effect causes the bumpiness under clockwise rotation. So the Rabbit should be commanded to move in a backward mode (i.e., all the wheels rotate in anticlockwise direction) on flat hard ground.
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Performance of climbing obstacles
Dry soil terrain
In order to test Rabbit's motion performance on dry soil terrain with multi-obstacle, we did another experiment as shown in Figure15. Figure16 shows the acceleration curve of Rabbit in plumb direction that denotes the acceleration varying from -0.125g to 0.125g. Figure17 gives the acceleration curve of Rabbit in plumb direction on dry soil when the wheels rotate in clockwise direction. It shows that the acceleration varies from -0.10g to 0.10g. Figure18 gives the acceleration curve of Rabbit in plumb direction on dry soil when the Rabbit moves under the condition of retracted claws, which shows the acceleration varies from -0.10g to 0.10g. Compare Figure17 with Figure18, we can see that stability of the wheel is as good as conventional circular wheel under the condition of retracted claws. It is obvious that the backward mode is smoother than forward mode (i.e., all the wheels rotate in clockwise direction) when Rabbit operates on dry soil. But the two results are approximative. The reason is that the claw can sink into soil and the obstacle-climbing capability is enhanced. So Rabbit should move in a forward mode when operates on dry soil terrain with multi-obstacle. The highest obstacle on dry soil terrain that the robot can climb over is 13cm. The experiments also show that Rabbit can step over the clod or stone whose dimension is equivalent to the diameter of the wheel. 
Step terrain
When the robot moves on steps terrain, Rabbit should move in a forward mode (i.e., all the wheels rotate in clockwise direction), because the claw can catch step in front of the wheel and help the robot to climb over it easily in the forward mode. Table 1 shows the experimental results in different step height.
Step height/cm 2.2 3.9 6.3 8.1 9.0 Result Success Success Success Success Fail Table 1 . Experimental results on different height step It is obvious that the rotated-claw wheel can climb over the 8.1cm step that is almost 1.35 times of wheel's radius as shown in Figure19. This verifies that the rotated-claw wheel can improve the obstacle-climbing capacity. 
Slope terrain
In order to test Rabbit's motion performance on slope terrain, we did other experiments as shown in Figure20, in which the Rabbit climbs over slope terrain in a forward mode. Fig. 20 Rabbit climbs over slope terrain in a forward mode Figure 21 and Figure 22 show the angle curve when Rabbit climbs slope terrain in forward mode and backward mode respectively. We can see that Rabbit can climb a slope up to 40° in the forward mode, in contrast, Rabbit is able to climb a slope just up to 31° in backward mode. , the rotated-claw wheel increases the climbing slop angle up to 9 degree. The reason is that the claw can sink into soil in motion, which enhances physical attraction between the wheel and ground. So Rabbit should move in a forward mode when it moves on slope terrain.
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Lunar soil simulation
In order to adapt to the utilization in planetary, we did experiments on simulated terrain of lunar soil whose material is pozzuolana. The lunar soil is loaded in a trough which has dimensions of 300cm×80cm×60cm as shown in Figure 23 . Void ratio (It is defined as the ratio of the volume of all the pores in a material to the volume of all the grain) of the lunar soil is approximately from 0.8 to 1.0, and density of the grain is 2.77g/cm3. 
Performance comparison
According to the available data from literature, we compare the performance of Rabbit with MFEX and Spirit robots. MFEX (Microrover Flight Experiment) was a small rover designed by JPL (Jet Propulsion Laboratory) in 1990s. It was launched to Mars in December 1996 [9] . Spirit is one of the latest Mars rovers designed by JPL. It landed on Mars on January 4, 2004 [10] , and finished exploration mission with flying colors in the following years (and still alive). Table 2 lists the data comparison among Rabbit, MFEX, and Spirit. From the table, we can see that maximum slope the Rabbit can climb is larger than that of the other two rovers although Rabbit only equipped with 4 rotated-claw wheels (2 wheels less than the other rovers). In addition, Rabbit can climb over step which is higher than the radius of wheel. 
Conclusion
In this paper, we introduce a field robot using the rotated-claw wheel that has strong capacity of climbing obstacles. The experimental results demonstrate that Rabbit can move in different terrain smoothly and climb over step of 8.1cm and slop of 40°. The Rabbit can adopt different moving modes on different terrains.
(1) Rabbit should move in backward mode on flat hard ground.
(2) Rabbit should move in forward mode on rough, slop, and step terrains. Because the rotated-claw wheel overcomes the disadvantages of conventional mobile robot wheels, it provides a better solution for field and planetary robots.
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